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A3SmartML (Automated, Adaptive and Uncertainty-aware Smart Measurements using Machine Learning) is a
European research project within the European Partnership on Metrology programme co-financed from the
European Union’s Horizon Europe Research and Innovation Programme and by the Participating States. The project
has 14 participants consisting of six National Metrology Institutes, three universities, one national synchrotron
facility and four companies. The project is coordinated by Physikalisch-Technische Bundesanstalt (PTB).

About A3SmartML

Smart measurements are key enabling technologies to achieve and realise European strategic policies devoted to
sustainability and digitalisation within the framework of Industry 4.0 and European Green Deal. These smart
multidimensional measurements are often challenged by long acquisition times or limited resolution. This project
will develop methods to significantly improve the efficiency of such measurements. The development will combine
tools from machine learning, compressed sensing, regularisation, and Bayesian statistics. Several metrological case
studies will be treated to demonstrate immediate impact. To further facilitate the uptake of the developed
procedures, extensive guidance documents, documented software and reference datasets will be provided. Long-
term impact will be generated through generic, automated, and adaptive measurement plans applicable to a wide
range of multidimensional measurement tasks. This is expected to support the manufacturing industry (e.g.
semiconductors) with better quality control leading to reduced costs, zero-waste and sustainable manufacturing
targets.
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Our objectives

The overall objective of the project is to develop novel and generalising approaches for smart multidimensional
measurements with significantly reduced experimental effort and validated uncertainty evaluation.

The specific objectives that translate to our Work Packages (WPs) of the project are:

1.

To develop automated machine learning approaches for the solution of general linear inverse problems
based on digitised measurements, arising in scanning hyperspectral imaging or photocurrent mapping of
semiconductors. To go beyond the state of the art by basing and extending these approaches with
techniques from compressed sensing, low-rank reconstruction, and deep learning. To also train machine
learning models to represent prior knowledge and statistically regularise the inverse problem, using both
real and synthetic data.

To develop uncertainty evaluation methods for the approaches in objective 1 and create generalised tools
to metrologically validate the uncertainty evaluation. These tools would include statistical uncertainty
assessments and calibration analysis, as well as have the capacity to validate the robustness and reliability
of the machine learning model.

To develop automated and adaptive measurement strategies for the methods developed in objectives 1
and 2. To achieve a targeted measurement uncertainty while satisfying the constraints of specific metrology
applications, such as scanning hyperspectral imaging or photocurrent mapping of semiconductors. To also
define a digitised measurement framework to include data management strategies and appropriate
automated feedback procedures.

To implement the approaches developed in objectives 1 to 3, for metrological applications, such as scanning
hyperspectral imaging and photocurrent mapping of semiconductors. To design automated and adaptive
measurement strategies by taking into consideration any physical constraints imposed by measurement
instruments or methodologies of the applications and develop experimental prototypes.

To facilitate the take up of the technology and measurement infrastructure developed in the project by
standards developing organisations and end users (semiconductor industry, medical imaging etc.) and to
disseminate good practice guidelines and a public database for reference data to all relevant stakeholders.
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Kick-Off Meeting in Salerno
With the kick-off meeting on 3™ and 4t June 2025 at the University of Salerno, the work on the research project
“Automated, Adaptive and Uncertainty-Aware Smart Measurements using Machine Learning” (A3SmartML), which
started in May and is planned for a period of three years, has officially begun.

S

Figure 1: The kick-off of the project A3SmartML was held on 3™ and 4'" June 2025 at the University of Salerno

The University of Salerno is ideally linked to the oldest academic institution in the Old Continent: the Schola Medica
Salernitana. Founded in the eighth century AD, the School reached its peak between the 10th and 13th century.
The measurement group has strong expertise on the MEMS characterization, uncertainty evaluation, neural
network, machine learning and uncertainty assessment in Artificial Neural Networks. In the project UNISA will
contribute to WP1, WP2 and WP5.

After an introduction of the participants, the consortium discussed the work planned for the duration of the
project. This included the discussion of the challenges and objectives of the project, the work program and the use
cases and metrological applications considered within the project. Moreover, the organisation and communication
of project-related manners and the distribution of first tasks within the project was discussed. There were 17
persons attending the meeting on-site and 16 persons attending the meeting online. The whole consortium would
like to thank the University of Salerno for the organisation of the kick-off meeting and their hospitality.

M9 Project Meeting at CMlI in Brno, Czech Republic

On 19t and 20™ January 2026, the M9 Project Meeting took place in Brno, Czech Republic, hosted by CMI. CMl is
a national metrology institute of the Czech Republic. Department of Nanometrology has experience with SPM
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methods for more than 20 years and is active in all its aspects from instrumentation up to data processing. In the
project, CMI leads WP3.

The aim of the meeting was to discuss the progress in WP1-4, challenges that have been arising in the first
months of the project, and the measures for impact and dissemination that have been initiated or are planned.
For WP1-4, the generated data and first progress in the development of the methods for estimation procedures,
uncertainty evaluation, smart scanning and the different use cases were presented. Moreover, the first
dissemination actions, such as setting up a website and a SharePoint and the first conferences, were presented.
Further points, such as the ongoing development within the project and impact actions as definition of the
stakeholder committee were discussed. Further information regarding the development of the methods and the
stakeholder committee will be shared in the next newsletter. We kindly thank CMI for hosting the meeting!

Challenges to be addressed within the Project A3SmartML

Material characterisation up to the nanoscale and highly resolved defect identification are important elements of
modern material science, advanced manufacturing and efficient quality control. Enhancing techniques that
perform these complex, multidimensional measurement tasks, such as scanning hyperspectral imaging and
photocurrent mapping of semiconductors, through smart measurement strategies supports the EU to realise its
strategic policies devoted to sustainability and digitalisation within the framework of Industry 4.0 and the European
Green Deal. The optimisation of measurement procedures also aligns with the UN sustainable development goals,
the Net Zero Industry Act, and the 2050 long-term strategy of the EU to become the world’s first climate-neutral
continent. Smart measurements are hereby essential to strengthen Europe’s competitiveness in green energy
technologies, e.g. by advancing the development of photovoltaic devices through more efficient quality control
and defect detection in semiconductors. Simultaneously, the development of smart measurement techniques that
will reduce measurement times and enhance data quality in hyperspectral imaging are crucially needed for
fundamental research in condensed matter physics, biology, and applied research, such as battery materials and
medical devices. These developments also address the time constraints in large-scale user facilities, to optimally
use the experimental time at the overbooked beamline to allow for more user experiments, and in the quality
control of production lines, accelerating Europe’s innovation in material science and aiding the development of
new products in industrial areas like telecommunication and renewable energy.

The time- and quality-related constraints lead to a mathematical problem, i.e., a linear inverse problem, which
solution aims for an optimized and time-efficient measurement strategy. To solve this problem, the utilization of
ML methods will be focused within this project. However, Al-based methods often lack in interpretability and
trustworthiness, especially in comparison to “classical” metrological approaches. The classical approaches, on the
other hand, do not necessarily fulfil the requirements regarding time-efficiency and the solution of the inverse
problem. Therefore, a combination of modern Al-based methods with established metrological concepts that
ensure for a time-efficient but trustworthy measurement result including a validated quantification of the
uncertainty is needed.
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Use Cases: Metrological Applications considered in the Project

The practical demonstration of the methodologies developed in this project is a necessity. To improve the long-
term measurement capabilities of the NMls and Dls involved, experimental prototypes are needed. Moreover,
these prototypes also address the needs and time constraints in large-scale user facilities, such as synchrotrons
and storage rings, or in the quality control of production lines, aiding the development of new products for
telecommunication, renewable energy and medical imaging.

Throughout the project, two applications are used to ensure the applicability of the developed methods to practical
use cases. Those two applications used for continuous testing and adjustment of the automated, adaptive and
uncertainty-aware methods for smart measurements that are developed throughout the project are:

e Scanning hyperspectral imaging
e Photocurrent mapping

Beyond the two applications considered throughout the project, further areas of metrology have the need for
smart measurement approaches. Therefore, the following use-cases are additionally addressed in WP4:

e Hyperspectral imaging scatterometry

e Laser induced breakdown spectroscopy
e Laser intensity modulation method

e X-ray scattering Computed Tomography

In the following, the six metrological applications are described in more detail.

Scanning hyperspectral imaging

Scanning hyperspectral imaging (sHSI) is widely applied in industry, e.g. to characterise and spatially resolve
chemical components of organic and inorganic material, or to identify material defects in semiconductors. Variants
like scattering-type Scanning Near-Field Optical Microscopy (s-SNOM) are prominently used for nano-spectroscopy
and present in many user facilities like infrared (IR) beamlines and synchrotrons in the EU and world-wide. Due to
the sequential nature of the scanning-based measurements, there is a need to reduce measurement times that
commonly take hours to a day. The implementation of smart measurement techniques is required for working with
sensitive samples that tend to drift or degrade during long measurement sessions, ensuring that high-quality data
can still be obtained without compromising the sample's integrity. Moreover, faster data acquisition is needed to
monitor devices that change over time, such as real-time growth of layers, offering unprecedented insights into
dynamic processes.
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Figure 2: Visualisation of the sHSI system (left) with the radiation from a storage ring passing through an interferometer and
directed onto an atomic force microscopy tip. The interferogram (illustrated on the right) is specific for different materials. Here,

subsampling strategies for improving the measurement result are applied, and subsequently Fourier transformed to obtain the
nanoscale resolved spectrum.

The sHSI use case is provided by PTB.
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Photocurrent mapping

Achieving megapixel resolution for photocurrent mapping (PCM) enables the quantification of fine spatial
variations in the photocurrent across semiconductor materials, which is needed to identify defects, impurities or
irregularities at different length scales. This is needed since a small number of microscopic defects can impact the
performance and lifetime of large-area devices such as solar cells. Also, manufacturing industry in areas such as
telecommunication, automotive, renewable energy and medical instruments employ semiconductors and need
reliable materials with a long lifecycle to reduce waste and act sustainably.
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Figure 3: Visualisation of the PCM system

The PCM use case is provided by NPL.

Hyperspectral imaging scatterometry

Hyperspectral imaging scatterometry (HIS) is a novel technique to be used in the photonics industry for the fast
large area characterization of form deviations of diffractive optical elements that are manufactured for Augmented
Reality (AR) see-through glasses. Scatterometry allows for measurement of parameters that are difficult to
measure using alternative techniques, such as atomic force microscopy. From a single measurement it is possible
to acquire parameters such as grating period and step height. Combining hyperspectral imaging with
scatterometry, the sample can be imaged with higher resolution than with a traditional scatterometer. This allows
for detection of small defects and inhomogeneities in diffractive optical elements, enabling more accurate quality
control of the manufacturing process. For the quality control and manufacturing of these large area optical
elements, an improved metrology, using smart measurement techniques powered with Al analysis that enable
faster measurement times and enhanced data accuracy, is needed to make production more economical with
higher yield.
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Figure 4: Visualisation of the HIS system and resulting data cube.

The HIS use case is provided by VTT.

Laser induced breakdown spectroscopy

Laser induced breakdown spectroscopy (LIBS) is a powerful analytical technique that is commonly employed for
rapid and non-contact analysis, e.g. of metals and alloys in foundries and manufacturing plants. Due to the
possibility to apply LIBS concurrently with production, smart measurement procedures to reduce measurement
times and to perform reliable uncertainty evaluation are required and the incorporation of ML tools is widely
supported
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Figure 5: Visualisation of the LIBS system and synthetic data graphs for Aluminum Alloy which is used as reference material

The LIBS use case is provided by TUBITAK UME.
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Laser intensity modulation method

For the laser intensity modulation method (LIMM), an intensity modulated laser is used as a thermal probe to
investigate the functional activity of a piezoelectric sample. By measuring the sample current as a function of laser
modulation frequency, a full 3D map of material performance can be determined. Piezoelectric materials are
applied in optical high-speed communication and data transmission applications, as well as for remote sensing,
acoustic/sonar ultrasound imaging, ferroelectric memories and other sensors/actuators and transducers. There is
a pressing need to quantify the piezoelectric or pyroelectric response of these materials both spatially, across their
surface, and additionally through their thickness, as performance is compromised through many machining and
manufacturing processes. To identify such large-scale defects and flaws, a quantitative assessment of the
functional performance from the full 3D volume of material is required. LIMM metrology has been developed to
explore through thickness performance but the speed by which the method can map out a real sample’s surface,
let alone through its thickness, drastically limits its commercial application. Therefore, fast and reliable estimation
and uncertainty evaluation procedures for these typically sparse or often slowly varying datasets are needed to
improve the metrology underpinning the LIMM method. The development of smart measurements techniques,
with the goals of reducing measurement times and improving data quality, is of particular value to companies who
rely on high-quality materials and good characterisation of the material properties.
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Figure 6: Visualisation of the LIMM system, measurement data and polarisation profile

The LIMM Use Case is provided by Electro and CMI.

X-ray Scatter-based Computed Tomography

X-ray scatter-based computed tomography such as X-ray diffraction computed tomography (XRD-CT) and pair
distribution function computed tomography (PDF-CT) are being applied across academic and industrial fields
including pharmaceutical, chemicals battery storage and energy materials. These methods are extremely powerful
as they allow chemistry, generally non-destructively, to be imaged inside objects under static and indeed working
conditions. This can be used for instance to resolve and understand deactivation and aging processes in devices,
enabling them to be improved to offer better performance or longevity. The example in the figure 7 below shows
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its application to look at the chemical phase distributions inside batteries. In this particular study, XRD-CT was used
to reveal heterogeneities arising through charge-discharge cycling rate; this kind of study enables battery
producers to improve lifetime of their battery products. This is just one example, but XRD-CT has been used to
improve other systems such as emission control units in catalytic converters.

Whilst extremely powerful and providing much greater insight than convention CT, these techniques currently
typically employ slow scanning approaches. Single slices of large objects with high spatial resolution can take many
minutes to hours to acquire. Smart measurement strategies are required to reduce measurement time and
associated costs. Reduced measurement time has the added benefit of reduced radiation exposure which is
relevant to some samples / material systems. Furthermore, smart tomographic reconstruction approaches are
required to maximise the physico-chemical insight gained especially when data quality is poor. The latter is
particularly pertinent as simple approach to reducing measurement time is to collect more quickly and skip entirely
some measurements and new approaches to reconstruction of low-quality sparse data are required. This is a
common ambition and challenge for computed tomography in general and one that the A3SmartML project aims
to meet and demonstrate, with a variety of tomography modalities including application to scatter based
tomography.

NMC532 (P) NMC532 (S)

Figure 7 Scatter-based methods such as XRD-CT allowing, non-destructively, mapping of chemistry and other physico-chemical
information. Shown here in lower left pane is the distribution of different chemical species in a single slice through a lithium ion
battery. Such images can be obtained under in situ operando conditions. Right, Overlaid image of cell components identified in the
AAA pristine battery cell: Red - separator, Yellow - anode (LiC12), Green - Cu current collector, Cyan - cathode (primary NMC532),
Dark Blue - Al current collector. After Vamvakeros et al. Small Methods, DOI: 10.1002/smtd.202100512

The X-ray scatter-based computed tomography use case is provided by Finden.
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Publications and conference presentations

In the first 6 months, A3SmartML has been presented at two conferences:

Mathmet 2025 Conference, Gothenburg, Sweden

Marschall, M. (2025, October): Automated, Adaptive and Uncertainty-Aware Smart Measurements using Machine
Learning [Poster Presentation]. Mathmet 2025 Conference, Gothenburg, Sweden.

From 7th until 9th of October 2025, the Mathmet 2025 Conference, organised by the Research Institutes of Sweden
(RISE) and Chalmers University of Technology, was held in Gothenburg, Sweden. Mathmet 2025 is an event of the
European Metrology Network (EMN) for Mathematics and Statistics to promote new analytical and computational
approaches in measurement science. At this conference, the A3SmartML project was presented as a poster
presentation prepared and given by Manuel Marschall (PTB).
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conference.
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12. VDI-Fachtagung Messunsicherheit und Priifprozesse 2025, Erfurt, Germany

Mdller, T., Marschall, M., Huber, M., Kastner, B., Schmitt, R. (2025, November): Berlicksichtigung von
Unsicherheiten bei der automatisierten und adaptiven Modellierung von smarten multidimensionalen Messungen
mittels Machine Learning [Conference Presentation]. 12. VDI Fachtagung Messunsicherheit und Prifprozesse 2025,

Erfurt, Germany.

On 5% and 6™ of November 2025, the “12. VDI Fachtagung Messunsicherheit und Priifprozesse 2025” (12th VDI

12

Symposium on measurement uncertainty and inspection processes), organised by the VDI/VDE Society for
Measurement and Automation Technology, took place in Erfurt, Germany. The conference brings together

scientists and industrial users of measurement technology and provides a framework for interdisciplinary
exchange. Tobias Miller (RWTH) has given an oral presentation about the project at the conference. In addition, a

manuscript was prepared for the conference proceedings.
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12. VDI Fachtagung Messunsicherheit und Priifprozesse 2025

Beriicksichtigung von Unsicherheiten bei der automatisierten und adaptiven
Erfurt, den 05.11.2025
Vortragender: Dr.-Ing. Tobias Miiller

Modellierung von smarten multidimensionalen Messungen mittels
Machine Learning
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Outlook: Upcoming Events

M18 Project and Stakeholder Meeting organised by VTT

The M18 Project Meeting will be organized by VTT. Part of the M18 meeting will be the first meeting of the
Stakeholder Committee. We kindly invite all stakeholders of the project to join the M18 meeting either on-site or
remote. Further information will be shared when the date approaches.

Some facts:
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Project start date and duration:

May 2025, 36 months

Coordinator: Manuel Marschall, PTB Tel: +49 30 3481 7948 E-mail: manuel.marschall@ptb.de
Project website: https://www.a3smartml.ptb.de/

Internal Funded Partners:
PTB, Germany

CMI, Czech Republic
NPL, UK

TUBITAK, Turkey
VTT, Finland
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External Funded Partners: Unfunded Partners:

1. Electro, UK 1. INM, Colombia
Finden, UK
JCMwave, Germany
Random Red, Croatia
RWTH, Germany
SOLEIL, France
UCAM, UK
UNISA, Italy
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